The predominant advantage of a supercritical CO2 (SCO2) Brayton cycle is it's diminished compression work when compared to an ideal working fluid such as helium, due to low compressibility factor. For flows where the density approaches the critical density, molecular interactions get stronger and the ideal gas assumption is no longer appropriate.
Introduction
Methodology for accurate simulations and improved design of supercritical CO2 (SCO2) turbomachines are at the forefront of many efforts in academia and industry. As SCO2 cycle development and number of applications have accelerated over the next few years, the need for efficient and accurate methodology will increase dramatically.
Intractable variation of the thermophysical fluid properties in the supercritical region, especially in vicinity of the critical point, makes the simulations unstable. On the other hand, neglecting the real gas behavior of the fluid in the supercritical region decreases the accuracy of the simulation and strongly affects the calculation result. The specific features and characteristics of the turbomachine design in the supercritical region are addressed in the literature [1, 2, 3, 4, 5] .
Due to high density of the supercritical fluid, small turbomachines are preferred in the supercritical Brayton cycle, and thus turbomachines of radial types are mainly used. Despite of significant progress in the design of turbomachinery operating with the ideal behaved fluid, there are few researches regarding the behavior and sensitivity of the turbomachine performance and flow field to the real gas model and numerical accuracy. Difficulties in the simulation and experimental measurements due to non-linear variation of the fluid thermophysical properties in the supercritical region are addressed in the literature [2, 6, 7, 8] .
In the previous studies [7, 8] , SCO2 radial compressor operating in vicinity of the critical point were analyzed numerically and effects of the numerical accuracy and the real gas model on the compressor performance and flow field were investigated. In addition, the obtained numerical results were compared with the experimental data at the Sandia test loop facility [9] and strong sensitivity of the compressor performance to the real gas properties look-up table was identified. Despite some previous studies on compressors, there is a lack of studies in the literature examining the losses and fluid expansion in turbines operating with supercritical fluids. Increase the understanding of flow phenomena occurring during the fluid expansion with supercritical fluids will be one of the key issues in improving the efficiency and feasibility of SCO2 cycles.
In this study, a radial turbine placed in the same shaft as the previously studied centrifugal compressor is analyzed numerically and the impact of the different real gas models as well as the accuracy of the look-up Z  compressibility factor  1  nozzle inlet  2  nozzle outlet  3  rotor inlet  4 rotor outlet
Studied radial turbine and numerical methods
Studied turbine is a single-stage radial inflow turbine tested in the Sandia supercritical CO2 test loop [9] . Main turbine dimensions are summarized in Table 1 . The unshrouded impeller includes 11 blades while the nozzle possesses 10 vanes. Fully structured grid with sufficiently fine grids near the walls, to ensure the values of y + close to unity, was generated using Ansys Turbogrid [10] . Fig. 1 shows the studied computational domain and mesh. Due to lack of geometry information of the Sandia radial turbine impeller in the literature, the axial length of the rotor is estimated base on the Aungier's correlation [11] . Different grids were examined in order to check the mesh dependency of the simulations. The mesh dependency was examined in steady states by calculating total to static isentropic efficiency obtained with different amounts of grids. The isentropic enthalpy is calculated by assuming the constant entropy at the inlet which is exported from the CFD result and calling the enthalpy as a function of entropy and outlet pressure from REFPROP [12] . The isentropic efficiency for the radial turbine is calculated according to Eq. 1. Fig. 2 shows the mesh dependency study. Different mesh resolutions with around 500k, 1000k, 1400k and 1800k cells were generated with the same mesh topology. By increasing the number of cells more than 1400k, no significant change in the turbine efficiency has been observed. Furthermore, the quality of mesh was tested by the Jacobian and skewness factors. Most of the cells has skewness below 0.77 and only a few cells had skewness around 0.82. Subsequently, the total number of 1400k cells was evaluated to be sufficient and used for all the simulations presented in this study. The commercial Navier Stokes flow solver ANSYS CFX 17.1 [13] was used for the unsteady states simulations in this study. URANS equations were closed through the two equation − SST turbulence model of Menter [14] . The transient blade row modeling with the Time Transformation interface [13] was set between the stationary and the rotating parts in the unsteady simulations. In this method, the unequal pitch problem between the zones is overcome by utilizing a time transformation to the equations of the flow. The Time Transformation method is valid when the pitch ratio does not deviate much from unity (valid between 0.6 -1.5, in this study pitch ratio is 1.1). Moreover, second order discretization methods were applied and Total energy model, including the viscous work term, was set. All walls were assumed as non-slip. Total pressure and temperature were set at the inlet boundary conditions and constant mass flow rate was defined as the outlet boundary condition. Due to lack of geometry data, the volute have not been modeled in this study.
Real gas properties
In the supercritical region, especially near the critical point, the behavior of the fluid is very sensitive to temperature and pressure. Small changes in the boundary conditions can have a significant effect on the turbomachine performance. By getting far from the critical point, the sensitivity of the flow properties to the pressure and temperature decreases but still fluid behaves like a real gas during the expansion. In this study, different well-known equation of states (EOS) models are examined at different boundary conditions and results are compared to the experimental data.
Among the cubic equation of states models, improved cubic EOS models Peng-Robinson (PR) [15] and SoaveRedlich-Kwong (SRK) [16] are the most accurate and well-known models for the real gas simulations in industry and academic applications. The performance of SRK EOS and PR EOS are pretty close to each other but near the critical point, PR EOS has slightly better accuracy that makes the PR EOS better suited for the supercritical simulations. Furthermore, Span and Wagner [17] model is formed in terms of Helmholtz energy and covers the carbon dioxide properties from the triple point up to 800 MPa and 1100 K for pressure and temperature, respectively. SW model has been evaluated in the near critical point simulations and good agreement with the experimental data was observed [18, 7] . Details regarding each equation of states can be found in the literature [15, 16, 17] . These models in addition to an ideal gas assumption have been utilized to simulate a radial turbine in the supercritical region.
The fluid properties were taken from the multipurpose NIST REFPROP database [12] which employs SW and PR EOS models and stored in a real gas properties (RGP) table (look-up table with SRK model can be generated directly in the solver [13] ). RGP tables include nine main properties of the fluid: specific entropy, specific enthalpy, speed of sound, specific volume, isobaric specific heat, thermal conductivity, dynamic viscosity, specific heat at constant volume, and partial derivative of pressure with respect to the specific volume at constant temperature. For each RGP table, three different resolutions have been generated to study the impact of the look-up table resolution on the turbine performance. For the ideal gas, the averaged properties (specific heat in constant pressure) have been implemented in the EOS according to the inlet and outlet boundary conditions. Mass flow averaging was used in all averaging procedures in this study.
Results and discussions
The design point and three-off design operating conditions of the radial turbine have been selected to perform the CFD simulations with different EOS models and RGP resolutions. The experimental boundary conditions and performance data in the T-s diagram are shown in the Fig 3 (points A, B, C and D) . The data for case D (design point) was derived from the 1-D model provided at Barber-Nichols [19, 20] . Fig. 3 . Turbine experimental results and boundary conditions [19, 20] The RGP look-up table resolution for each real gas EOS model has been examined and effects of the look-up resolution on the simulation accuracy has been investigated. According to the boundary conditions, range of the RGP tables for the design point is from 600 K and 6 MPa to 900 K and 15 MPa, and for the off-design points is from 350 K and 6 MPa to 650 K and 15 MPa for temperature and pressure, respectively. RGP ranges are selected wider than the boundary conditions to avoid extrapolating and clipping methods by the solver at the beginning of the iterations which decrease the accuracy of the simulation. Three RGP resolutions (100×100, 250×250 and 500×500 for temperature and pressure) for each real gas EOS model have been presented in this study. The step sizes for the temperature and the pressure in the RGP tables are 3 K, 1.2 K, 0.6 K and 90 KPa 36 KPa, 18 KPa for RGP table size 100×100 to 500×500, respectively. Fig. 4 illustrates the accuracy of the different RGP tables with different EOS models. Enthalpy drops have been calculated based on the CFD simulation results with different RGP resolutions for each EOS model and the error is normalized with the experimental enthalpy drop values. Results with an ideal gas assumption cannot been performed with different table resolutions, but in the Fig. 4 it shows in different intervals in order to better compare between cases.
Although, the operating condition of case D is relatively far from the critical point, but comparison of the simulation results with the 1-D data of case D ends up in a significant deviation in the results. There is no experimental measurements data available at the design point. According to the reference report [19] , there is noticeable difference between the 1-D code results and the experimental off design measurements (from 51% to 33% error in the pressure drop accuracy from point A to C, respectively). Although the turbine is not supersonic, but the estimated static pressure at the outlet was used as a boundary condition in a CFD simulation to double check the accuracy of the simulation at (D) (B) (A) (C) the design point, but a noticeable difference in the mass flow rate and eventually velocity triangle and turbine performance was appeared. The design point data from the 1-D code has been utilized in this study only in order to compare the different EOS models with different resolutions in the supercritical region which is relatively far from the critical point and the result shows there is no significant different between the EOS models in that region. Boundary conditions of the case D are far from the critical point, (reduced pressure and temperature by the critical point at the outlet are 1.07 and 2.46, respectively), and therefore there is no significant change in the simulation accuracy between different EOS models and RGP resolutions. Even an ideal gas assumption at the design point simulation shows better accuracy compared to the SRK EOS model. The compressibility factor at the outlet boundary conditions of case D is 1.005 and the fluid behaves like an ideal gas even though the operating condition is in the supercritical region. At the maximum 2% error between ideal gas assumption and SW EOS model has been observed at the design point. Compressibility factors of all cases A to D, at the inlet and outlet are mentioned in the Fig. 3 . Due to vicinity of the compressibility factor to the unity, in all cases there is not noticeable effect of the RGP resolution on the total enthalpy drop error.
The enthalpy drop error difference between the real gas EOS models at the off-design operating conditions (A to C) is not very significant (average 3% difference), but employing an ideal gas assumption can have a noticeable effect on the simulations accuracy. In most of the cases, maximum error of 1% is seen between RGP 100 and RGP 250, but there is not significant changes observed by increasing the look-table resolution from 250 to 500 points. Largest error between the real gas and the ideal gas assumption is occurred at case B, approximately 22%, due to the closer boundary conditions of case B to the critical point.
In order to compare the simulations cost and time, CPU time second per time step and per rotor rotation have been investigated. From ideal gas model to RGP table with highest resolution (500), CPU time seconds per time step (time step is 0.33 degree of the rotor rotation) are 127, 827, 1082 and 1800 and one rotor rotation's CPU time seconds are 138545, 902182, 1180364 and 1963636. All simulations performed on 12 CPU cores with parallel simulation model and approximately 2 rotations of the rotor were seem to be enough to get the converge result in all simulations. Numerical accuracy also affects the flow field inside the radial turbine. By comparing the Mach number in stationary frame between the ideal gas assumption and the real gas EOS models, difference in the Mach number contour especially near the rotor blade leading edge can be observed. Fig. 5 shows the Mach number in stationary frame at 0.5 span for case B between the SW EOS model and the ideal gas model (due to the biggest difference in the accuracy at these cases). Differences in the Mach numbers emerge from the accuracy in calculation of speed of sound, as well as density which varies the velocity inside the passage. Difference in the velocities inside the studied turbine comes from calculation accuracy of the density, because the mass flow rate and the geometry are constant in all cases. Although, the same operating and boundary conditions were set for the all cases, but the calculation accuracy of the properties of the fluid especially the density can have an impact on velocity magnitude in different EOS models. Among all real gas models studied in this paper, there is no significant difference in the density calculation (below 0.2%), but the deviation between the ideal gas assumption density and the real gas model ones is around 12.3%. By using an ideal gas assumption, density is calculated smaller than the real gas models. By keeping the mass flow rate constant, higher velocity and subsequently higher Mach number are computed using the ideal gas model. Increasing the RGP look-up table resolution did not have a noticeable impact on the flow field in the different studied cases.
Furthermore, the accuracy tests for the total temperature drop for all cases have been done. At the operating condition B which has the biggest deviations in the calculation accuracy, SW model averaged error is 3.9%, PR and SRK almost have the same error around 5.4% and the ideal gas shows a significant deviation from the experimental data, 40.4%. Similar to the enthalpy drop and the flow field studies, there is no significant changes in the temperature drop accuracy test with the different RGP resolutions observed. Although, this conclusion is valid for the studied cases and operating conditions in this study which are relatively far from the critical point. Previous studies stated that in vicinity of the critical point, extremely small changes in the RGP resolution can have a significant effect on the compressor performance and flow fields [7, 8] . According to the numerical accuracy, time and cost of the simulations, SW EOS model with moderate resolution, (250), has been recommended for the supercritical applications in the mentioned operating conditions range. 
Conclusion
The effects of the accuracy of real gas and ideal gas models on the radial in-flow turbine in the supercritical region were investigated in this study. The design and three off-design operating conditions were studied with different EOS models and results were compared with the experimental measurements at the Sandia test loop facility. Data of the design point was achieved from the 1-D code and there is no experimental measurements at the design point, consequently there is a significant different between the CFD result and 1-D code. The design point boundary conditions were far enough from the critical point to minimize the impact of the different real and ideal gas models on the performance and flow fields. By getting closer to the critical point and off-design operating conditions, significant differences in the turbine total enthalpy drop and flow field were observed using the real and ideal gas EOS models. Among the different EOS models investigated in this study, Span and Wagner showed better accuracy compared to the Peng-Robinson, Soave-Redlich-Kwong and the ideal gas assumption. By studying the different resolutions of the look-up table for each EOS model (except the ideal gas assumption), a sufficient resolution and range were suggested. Moreover, by investigating the total temperature drop and the densities in different cases, deviation in the velocity calculation and the Mach number contours in different EOS, due to density calculation accuracy, was observed. With an ideal gas EOS model, lower density at the same temperature and pressure was calculated which lead to higher velocity, while the mass flow rate kept constant.
This study indicated that even though the boundary conditions of the turbine are relatively far from the critical point, but still a suitable real gas model with sufficient look-up table resolution is recommended to simulate and design a turbine with high accuracy. Although the differences between the studied real gas models were not significant, but in all cases SW model showed better agreement with the experimental measurements.
